In the past decades, shellfish culture has developed in a significant way around the world. However, culture areas are often subject to recurring anthropic pollution. The recrudescent presence of industrial wastes is a source of heavy metals and results in pollutant transfer towards the aquatic environment in estuarine areas. Because of their mode of life, bivalves, including mussels and oysters, are suggested as ideal indicator organisms. The development of techniques allowing the analysis of the effects of pollutants on bivalve biology may lead to the monitoring of pollutant transfer in estuarine areas. In this context, the effects of cadmium and mercury on defence mechanisms were analysed in Pacific oysters, Crassostrea gigas. Pollutant effects were tested in vitro on oyster haemocytes. Cell viability and enzymatic activities (esterase, peroxidase, aminopeptidase, phagocytosis activities) were monitored by flow cytometry. Enzymatic phenoloxidase-like activity was also evaluated by spectrophotometry. High pollutant concentrations were used in order to detect the acute effect and to approach real pollutant concentrations existing in animal tissues. Cadmium induced no effect on oyster haemocytes under the tested conditions. On the contrary, mercury caused a significant haemocyte mortality after a 24 h in vitro incubation. Aminopeptidase positive cell percentage was enhanced by the pollutant, and phenoloxidase-like activity was inhibited. These in vitro results show that mercury may be expected to have an impact on bivalve immune functions in contaminated areas.
I. INTRODUCTION
For several decades, shellfish culture has developed in a significant way around the world and particularly in France. The most economically important bivalve species is the Pacific oyster, Crassostrea gigas. This species is frequently reared in disturbed ecosystems subject to pollutants which affect the environmental quality of coastal waters.
Among environmental pollutants, heavy metals may have major ecological consequences.
Some of the pollutants introduced in land and aquatic ecosystems may possess an important toxic potential (1) . Metals are not degradable and may thus persist for long periods in ecosystems. Moreover, physical, chemical and biological process have a greater tendency to concentrate than to dilute heavy metals (2) . In this way, aquatic animals including marine bivalves are likely to be exposed to elevated concentrations of pollutants.
Oysters and other bivalve molluscs have been postulated as ideal indicator organisms for the assessment of environmental pollution (3, 4) . They are already used in different programs monitoring pollution in estuarine ecosystems. Through their ubiquitous, benthic and sedentary mode of life, they are exposed to environmental modifications (temperature, salinity, pollutants, etc.) with no escaping possibility (5, 6) . Their suspensivore mode of nutrition allows them to concentrate xenobiotics within their tissues by filtration of large volumes of seawater (7) . Pollutant bioconcentration varies according to each pollutant and animal species but it may reach considerable levels. The reactions of animals faced with pollutants depend on the particular type of pollutant, nevertheless bioaccumulation constitutes a common response. Such a bioaccumulation mat be the consequence either of a direct contamination by water or an indirect contamination by food (8) .
Although numerous studies have been made concerning the accumulation and toxic effects of heavy metals in bivalve molluscs, little effort has been directed at determining their toxic effects at a cellular level (9) . Molluscs possess an open circulatory system which is continually exposed to the fluctuations of environmental factors including contaminants (10). The cellular defence system of bivalves comprises haemocytes which have various activities including phagocytosis, intracellular degradation of pathogens by means of hydrolytic enzymes, production of reactive oxygen metabolites and phenoloxidase activity (11, 12, 13) . The effects of environmental contaminants may correspond to a direct toxic action on tissues or cells or to more subtle alterations in homeostatic mechanisms including the immune system (14, 15).
Most studies on immunotoxicity consist in the collection of animals located on polluted sites and the determination of immune activity variations during a long period of time (16,   2 17, 18, 19, 20, 21). However, in the present work, in vitro effects of different compounds in direct contact with Crassostrea gigas haemocytes were investigated. This approach may confirm results obtained from previous in vivo or in situ experiments. Moreover, this approach is suitable for developing immunotoxicity models in order to determine the mode of action of a particular pollutant. The actual aim of the present study was to work in acute toxicity conditions in order to obtain a rapid effect of heavy metals on immune cellular and plasmatic activities. Two heavy metals were selected (mercury and cadmium) and tested at different concentrations. Two forms of mercury were used : mercury chloride, which is the form rejected by industries, and methylmercury, potentially more toxic. The presence of these pollutants was reported in different shellfish culture areas at episodic high concentrations (22). Effects on haemocytes were studied using flow cytometry. Flow cytometry allows rapid analyses of the morphological and functional characteristics of free cell suspensions (23). Resulting data were based on autofluorescence light scattering parameters related to cell size and complexity (granularity). Cellular functions were also investigated using fluorescent markers : cell viability, presence of hydrolytic enzymes, and phagocytic activity. Phenoloxidase-like activity was also studied in the plasma fraction of haemolymph by spectrophotometry. 
II. MATERIAL AND METHODS

Animals
Circulating haemocyte collection
After opening oyster shell by cutting off the adductor muscle, haemolymph was withdrawn from the pericardial cavity using a 1-mL syringe equipped with a needle (0,9525 mm). For each oyster, 0.5-1 mL of haemolymph was collected. Haemolymph samples were conserved on ice to prevent haemocyte aggregation (24). Haemolymph samples were pooled to reduce interindividual variation and to provide enough haemocytes in order to fulfil requirements of pollutant exposure assays.
Xenobiotics and exposure protocols
Experiments consisted of an in vitro contact between haemocytes and selected pollutants.
Analysis was carried out after different times of contact with the pollutant (4 or 24 h). Haemocytes were submitted at 4 treatments : (i) centrifugation with resuspending in FSW;
(ii) centrifugation with resuspending in FSW supplied with antibiotics (flumequin 30 mg.mL -1 , penicillin 0.75 mg.mL -1 , streptomycin 1.5 mg.mL -1 , and kanamycin, oxolinic acid, and erythromycin 0.1 mg.mL -1 ) ; (iii) no centrifugation and addition of the same antibiotics ; (iiii) no centrifugation and no antibiotics.
Haemocytes were incubated at 20°C for 4 and 24 h. Haemocyte mortality was evaluated.
Experiments were carried out three times.
2-3 concentrations were tested: 2.10 -6 , 2.10 -5 and 2.10 -4 M. All solutions were prepared in 0.3 N nitric acid (HNO 3 ) to preserve their activity (25). Twenty oysters were punctured and haemolymph samples were pooled. The pollutant was added at 10 µL.mL -1 haemolymph. Haemocytes were incubated 4 and 24 h at 20°C. Haemocyte parameters were evaluated (enzymatic activities, phagocytosis, mortality). Experiments were repeated three times.
Cell analysis by flow cytometry
Haemocyte analysis using flow cytometry (EPICS XL 4, Beckman Coulter) was previously PMA-peroxidase activity was specifically inhibited using sodium azide (NaN 3 , Sigma) at Aminopeptidase activity was inhibited using bestatin (Sigma) at two concentrations : 5.10 Interchim). Phagocytosis was controlled using epifluorescence microscopy (27) (data not shown).
Phenoloxidase-like (PO-like) activity detection
Haemolymph samples were centrifuged (260 g, 10 min, 4°C). The acellular fraction 
Statistical analysis
For each pollutant, cellular parameters were analysed three times after 4 and 24 h incubations. Results were analysed using a non-parametric Kruskall-Wallis test for independent samples. H 0 was rejected when p≤0.05. In the case of the reject of H 0 , an a posteriori Student-Newman-Keuls (SNK) test was used.
III. RESULTS
Pollutant effects on haemocyte mortality
Incubations with increasing concentrations of cadmium chloride were conducted on haemocytes. Results after 4 and 24 h of incubation at 20°C are reported in Table 1 . Results showed no significant effect of cadmium after 4 h and 24 h.
In presence of methylmercury, haemocyte mortalities ranged from 18% (2.10 -10 M) to 31% (2.10 -6 M) at 24 h (Figure 1a) . However, these differences were not statistically significant.
With mercury chloride, a dose-dependent increase of mortality was reported after 4 and 24 h of contact : haemocytes presented 50% and 80% of mortality at 4 and 24 h respectively at 2.10 -4 M (Figure 1b) .
Pollutant effects on haemocyte cellular activities
Esterase, peroxidase, aminopeptidase and phagocytosis activities were evaluated after 4 Figures 2a, 2b ).
Experiments were also conducted on haemocyte in presence of enzyme inhibitors (sodium azide and bestatin) in the absence of pollutant in order to control labelling specificity.
Addition of sodium azide demonstrated a dose dependent reduction of peroxidase activity (Figure 3a) . Addition of bestatin showed a dose-dependent decrease of aminopeptidase activity (Figure 3b ).
Pollutant effects on PO-like activity
The effect of mercury was also tested on plasmatic PO-like activity. The optical density 
IV. DISCUSSION
Inhibition of enzymatic activities detected by flow cytometry
Experiments involving enzyme inhibitors were carried out in order to control the specificity of haemocyte labelling, since the kits used were first developed for mammal cells. Addition of sodium azide demonstrated a significant decrease of peroxidase activity in oyster haemocytes. Sodium azide is known to be a strong inhibitor of oxidative burst which involves peroxidase and particularly myeloperoxidase (28, 29, 30, 31). Addition of bestatin resulted in a dose-dependent inhibition of the haemocyte labelling. Bestatin is known as a specific inhibitor of aminopeptidase activity in mammals (32, 33, 34). These results indicate that the commercial kits may be used to detect specifically enzymes in oyster haemocytes.
The observation of haemocytes by epifluorescence microscopy assessed the validity of flow cytometry. After 1 h of incubation with beads, haemocytes presented ingested fluorescent beads, using an epifluorescent microscope as previously described in Ostrea edulis (35).
Polluant effects on haemocytes
Haemocytes are known for their properties of spontaneous aggregation. This phenomenon appears during cell collection and must be integrated in cell analysis. No anti-aggregant solution was used during haemocyte collection because such solutions may inhibit haemocyte activities. Alsever solution, an anti-aggregant solution, decreases oxygen metabolite production in Mytilus galloprovincialis Lk (36). Moreover, aggregation of Crassostrea gigas haemocytes is strongly reduced at 4°C (24). Another study indicates that the maintenance of haemocytes on ice prevents their aggregation (37).
The volumes of pollutants finally added were selected so as not to modify osmolarity (10 µL.mL -1 of haemolymph). First solutions of pollutants were prepared at high concentrations in order to obtain high final dilution factors of the solvent (between 100 and 10 000 for the different pollutants However, these concentrations are higher than those used in the present study. At lowest concentrations, Cd was found to be not immunotoxic since it did not inhibit phagocytosis activity of Tapes philippinarum haemocytes (45). In the present study, cadmium was not able to kill haemocytes from C. gigas at concentrations ranging from 3.10 -11 to 3.10 -4 M.
This pollutant did not demonstrate an immunotoxic potential by killing haemocytes.
Mercury is known for its high toxicity and its bioaccumulation in various organisms which is a significant cause of mortality of aquatic species (38). Methylmercury is supposed to be the most toxic form of mercury : the methyl group facilitate penetration into cells and binding to proteins. The present study reports no significant variation of mortality of
haemocytes. Literature reports increasing of mortality on haemocytes of M. edulis and
Mactromeris polynyma for 10 -4 M and an earlier effect on phagocytosis (10 -7 M) (1, 46).
These concentrations are higher than those reported here. In our experimental conditions, methylmercury was not immunotoxic for haemocytes, like cadmium.
Mercury chloride is reported to be less toxic than methylmercury. The employed concentrations in this study were thus higher. Increasing concentrations (2.10 -6 , 2.10 -5 and 2.10 -4 M) caused oyster haemocyte mortality after 4 h incubation. Such a rapid effect was previously reported in Eastern oyster, C. virginica, haemocytes (9) . Haemocyte mortality increased in a dose-dependent way after 2 h of contact with 2.10 -6 , 4.10 -6 and 2.10 -5 M of HgCl 2 (9) . In vitro studies showed an effect of mercury at higher concentrations than those used in this study : increasing mortality was detected on haemocytes of Mya arenaria L., Mercury may cause a modulation of some haemocyte activities following its concentration.
It has been proved to modify cellular activity, particularly phagocytosis. A previous in vitro study (9) reported an increasing effect of mercury on phagocytosis at 4.10 
Interactions between media and mercury on haemocyte mortality
The use of different incubation conditions of cells confirms that cell centrifugation may be a factor of stress and decreased cell viability as compared with cells incubated in haemolymph. For this reason, the effects of mercury are detectable at lower concentrations in FSW : cells may indeed be more sensitive to a pollutant when they are stressed.
The condition leading to the lowest mortality without pollutant seems to be haemolymph supplied with antibiotics. Antibiotic supplementation may reduce bacterial development, whereas haemolymph certainly furnishes active molecules involved in cell survival. RPMI, NaCl supplied RPMI, and haemolymph have been tested in a previous study ( Evidence for environmentally derived immunomodulation in mussels from the Venice lagoon. Aquatic Toxicology 32, 59-73. 
